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We provide a review of predictions for sin2/3(,ff in 6 — > s penguin dominated modes based on l/m^ expansion 
and/or SU(3) flavor symmetry. The experimental results are consistently lower than the theoretical predictions. 
In order to interpret whether this effect is a sign of new physics contributions or can be explained away within 
the Standard Model a theoretical input cannot be avoided. The effect survives at a level larger than 2.1a in a 
conservative average over different modes that includes theoretical predictions. 
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1. Introduction 

A nontrivial test of the Standard Model (SM) are 
the two ways of measuring sin 2/5 from time dependent 
AS = 1 B decays [with /3 = &rg{-VcdV;jVtdV;,)]: 

(i) from tree dominated, e.g. B J/'^Ks }], and 

(ii) from penguin dominated, e.g. B — > 4>Ks, decay 
modes 0, [1] . The two determinations should be the 
same in the SM, but would differ, if new physics con- 
tributions modify the penguin dominated decay am- 
plitudes. For several years now there is some disagree- 
ment between the two determinations, if the CKM 
suppressed terms are neglected in the interpretation 
of the experimental results. However, with the de- 
creased experimental errors this approximation is no 
more adequate. As I will argue in this write-up the- 
oretical input is needed for the correct interpretation 
of experimental results. 

The two observables measured in time dependent 
B{t) — > / decays into a CP eigenstate / are the indi- 
rect CP asymmetry 



Sf^2 



Im[e-'2/3Af/Af] 
1 + 



and the direct CP asymmetry 



\A}?-\A}[^ 



(1) 



(2) 



Above we have used the notation for the decay ampli- 
tudes A{B^ -> /) = and A{B^ f) ^ Af. The 
choice of AS* — \ B^ decays makes the determination 
of sin 2/3 from Sf theoretically very clean since it ex- 
ploits the CKM hierarchy = T^bKTs ^^^c where 
Ac = VcbV*^ and A = sin^c = 0.22. To see this let us 
split the amplitude according to the CKM factors 



Af ^ Xcoj + Xua"} + Xta) 

= Xc{aj - a)) + Xu{aJ - a}) 



(3) 



= XcA} + XuA 



where in obtaining the second row the CKM unitarity 
Xc + Xu + Xt — was used. The different terms in Eq. 
([5]) can receive the following contributions, depending 



on the final state /: can receive contributions from 
b CCS tree and cc rescattering (charming penguin) ; 

can receive contributions from b — *■ uus tree and 
uu rescattering (u— penguin); a) can receive contribu- 
tions from QCD penguins and electroweak penguins. 

Since A„ ~ 0.02Ac there is a big hierarchy between 
the two terms in Af = ^cA'j + XuAJ, so that Af 
is dominated by one CKM amplitude. Since Ac is 
real in the standard CKM parametrisation, Af — Af, 
and the ratio of the two amplitudes cancels to first 
approximation in Eq. ([1]). More precisely, expanding 
in the small ratio 



e^'f 



= |A„/Ac|--^^0.02-^, 



we have 



sin2/3eff = -Vf^Sf 



= sin 2/3 -I- 2rf cos (5/ cos 2/3 sin 7, 
where rj^^ is the CP of the final state /, and 
Cf = —2rf sin (5/ sin 7. 



(4) 



(5) 



(6) 



If the small rf terms are neglected we thus have 
sin2/3efi = sin 2/3 and C/ = 0. If a nonzero direct 
CP asymmetry C/ is found experimentally, it would 
immediately imply that r/ terms are important. 



2. Two ways to sin 2/3 

As alluded to in the introduction, it is useful to dis- 
tinguish two determinations of sin 2/3. The tree dom- 
inated decays, e.g. B° J/'i'Ks, are expected to 
be SM dominated. We will denote the corresponding 
value in Eq. (O as sin 2/3^'"'. The penguin dominated 
decays, e.g. B'^ <t>Ks, can on the contrary receive 
possibly large beyond Standard Model contributions. 
The corresponding values in Eq. ([5]) will be denoted 
as sin2/3j,g"^. The comparison of the two then tests 
the KM mechanism 



=sin2/3^P™S-sin2/3;ff 
= Oirf''^) - 0(rj'™). 



Tree 



(7) 
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Figure 2: The la experimental values for (AS'/,C/) in 
penguin dominated modes as of FPCP07 conference 
The vertical blue band shows experimental errors on 
sin 20^"'^ from 6 ccs modes. The two blue circles repre- 
sent ASf for rf = 0.1, 0.25 with Sf varied (with 7 = 60°). 



Figure 1: The measured sin 2/?^°^ for AS = 1 penguin 
dominated decays Q|. The two vertical yellow lines give 
from b —> CCS world average. 



and Sf 



the sin2/3S'=" 



The 0(rj^°°) difference between sin 2/3 and Sj/^^s 
below a percent level, since AJ in Eq. ^ is already 
at least as{mb) suppressed compared to the dominant 
tree term, Aj [Ei,[l[i. These 0{r]""') corrections 

will be neglected compared to the 0(rj°"^) differences 

between sin 2/3^"^ and sin 2/3 which we will investi- 
gate below. 

The expected difference AS*/ for penguin dominated 
modes is channel dependent. Curiously enough, the 
experimental values are all negative, ASf < 0, see 
Fig. [TJ This experimental pattern immediately raises 
several questions 

• what are the SM expectations? 

• what are the errors on the theory predictions? 

• what theoretical errors to expect in the fu- 
ture/can we improve them? 

The last question is especially interesting for future 
prospects, where with 50 ab~^ of data S^Ks ^'^d ^v'Ks 
are expected to be measured to a precision of a few 
percent. 

An important thing to note is that we have 2 ob- 
servables, Sf and C/, but also 2 unknowns: sin 7 rf 



ASf — 2sin-f rf cosSf cos2f3 (8) 
C/ = — 2sin7 r/ sin(5/ (9) 



To predict ASf one therefore necessarily needs the- 
ory input at least on r/ , while S / could in principle be 
fixed from a measurement oi Cf (or vice versa). An 
example of this is shown in Fig. [51 where the experi- 
mental results are compared with ellipses in {ASf, Cf) 
plane obtained for rf = 0.1, 0.25 and arbitrary 6f (and 
with 7 chosen to be 60°). Note that these two values of 
rf correspond to fairly large values of AJ/A'j 5, 10 
in Eq. (g]). 

Both ASf and Cf have been estimated in several 
theoretical frameworks using SU(3) flavor symmetry 
and using l/mf, expansion: QCDF, SCET, pQCD. We 
discuss these two approaches next. 



3. Using flavor SU(3) 



As pointed out in 




and discussed later also in 
one can use AS" — modes 
related by SU{3)f (represented by s ^ d exchange 
on Fig. [3]) to constrain ASf in penguin dominated 
AS" = 1 decays. This corresponds to a replacement 
VcbV^^Ay and VubV:,Ay ^ Kf^Kd^/' 
in Eq. ([3]), where the primes remind us of the fact 
that one needs to take into account SU(3) breaking as 
well as of the fact that / may transform into a sum 
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Figure 3: The s d exchange modifies the hierarchy of 
tree (left diagram) and penguin (right diagram) contribu- 
tions by replacing Vts ^ Vtd and Vus ^ Vud respectively. 



of mass eigenstates (for instance U-spin transforms 
TT^ {UU — dd)/V2 to (UU — ss )/V2, which IS a sum 
of rj and rj'). 

In the SU(3) related amplitudes the hierarchy of 
tree and penguin contributions is changed because the 
CKM factors in front of the matrix elements A^'" in 
Eq. ^ have changed 



P -> -\P', T T'/X. 



(10) 



For instance, the B — > t:K amplitudes are penguin 
dominated, while in SU(3) related B tttt decays 
the tree contributions are larger than the penguins. 
Because of this, one can bound "tree pollution" rj in 
AS = 1 decays from the related A^* = modes. A 
bound on r/ consists of a sum over modes 



< 



1-n 




where a/' are numerical coefficients. From the above 
equation we immediately see that the bound can never 
be better than r/ < ~ 0.05, even if TZ is set to zero. 

The upper bound on TZ in Eq. (Ilip was obtained by 
bounding a sum over amplitudes, where there would 
be in general cancellations between different terms, 
with a sum over absolute values of amplitudes, where 
of course no such cancellations occur. The bound on 
TZ is thus in general better, if the sum is over a smaller 
set of modes /'. Furthermore, all the branching ratios 
/' in the bound need to be measured to have the best 
bound. At present for some AS* = modes only up- 
per bounds are known. For instance in the bound on 
rrj'Ks the branching ratios for B'^ — ^ n^rj,?]'- ^rj'^ ' de- 
cays enter. For these only experimental upper bounds 
exist, giving at present TZj^Ks < 0.116, while one ar- 
rives at 7?. < 0.045, if the predicted branching ratio in 
QCDF, Scenario 4, are used (or TZ < 0.088 if SCET, 
Sol. I., predictions are used). Clearly, there is still 
room for improvement using this approach. But in 
general, assuming only SU(3) without any dynami- 
cal assumptions, gives too conservative bounds. The 
reason is that in this way one does not use any infor- 
mation about the relative phases between the terms 
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Figure 4: Top: (Sn'Ksy^v'Ks) values allowed by SU(3) 
bounds (region enclosed by the solid curve), and with 
further dynamical assumptions (region enclosed by the 
dashed curve) [l§]. Bottom: {S^oj^^,C^oic^) values al- 
lowed by SU(3) bounds [l^l- The small points are 
(SfjCf) = (sin 2/3, 0). Experimental values are from 
BaBar (dot) ^,t^ and from Belle (square) [23,|2|]. 



in the sum in Eq. ([TT|) . The results of a 2006 numeri- 
cal update [13], where correlations between Sf and C/ 
were used, are shown on Fig. [H Bounds on AS^Ks 
are much worse [95. It is also possible to treat Skkk 
in this framework, however, the bounds are again not 
very informative [isl . [l6j . Assuming small annihila- 
tion one has rx+K-K° < 1-02, and rKsKsKs < 0-31 

Another use of SU(3) is to perform global fits to the 
data^Hlilll^- In this case ASf can be predicted 
and not just bounded as above. A recent analysis in 
(20I shows a discrepancy between experimental data 
and the SU(3) fit predictions in the (5'^o^j,, CttO^^) 
plane. The fit predicts St^oks — —0.81 ± 0.03 in the 
Standard Model, which is to be compared with the 
measured value of S^^oxs = —0.33 ± 0.21. Note that 
the error on the prediction already includes the vari- 
ation due to the SU(3) breaking. 
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4. Using l/m^ expansion 

The l/mf) expansion has more predictive power. I 
would like to stress that l/mf, expansion is a con- 
sistent framework, based on Soft CoUinear Effective 
Theory [2^. Like the SU(3) approach it is in prin- 
ciple "model independent" in the sense that it uses 
only symmetries of QCD. While the SU(3) approach 
uses a symmetry that arises in the to^ limit, 
SCET based approaches use the symmetry that arise 
in the mb — *■ oo limit. The framework offers con- 
sistency checks both within two-body B decays as 
well as in i? ^ Dtt and semiinclusivc hadronic 
decays [271 l28l. Note that both QCD Factorization 
(QCDFlp^pq[3l| and the so-called SCET calcula- 
tions [32, 33, &^ use Soft CoUinear Effective Theory, 
but they differ in the treatment of subleading effects 
and charming penguin contributions (ssl . [36j . 

We first review state of the art in these calculations 
and then move on to the predictions in specific decay 
modes. Both in QCDF and SCET the hard kernels are 
known to NLO in as{mb) pol. l33l . [37l. [ssj . with partial 
results already known at NNLO [3^. The jet func- 
tions are known to NLO in asiVA^) [iol. [ill, li^ . 
At present the limit on accuracy is the inclusion of 
I /nib corrections. While some of them, for instance 
the chirally enhanced terms, have already been in- 
cluded pi, nil , more work is needed to complete the 
calculations to 1/mb order. 

Not all of this information was used in ASf cal- 
culations, however. In most recent QCDF calcula- 
tion of Ref. [43] hard scattering was treated at LO in 
as{mb), as{^/ATnb), soft overlap at NLO in as{mb) 
and some l/rub corrections were included (modeled). 
In SCET calculation [l^l all hard kernels were taken 
at LO in as{rnb), jet functions were not expanded 
in as{y/Ajnb), 1/mb corrections were not included, 
while nonperturbative parameters (also the charming 
penguin one,_^wm) were fit from data. In pQCD 
calculations [4J, Sa] the soft overlap contribution is 
factorized and some NLO corrections are included. 

An interesting way of using the 1 /nib expansion re- 
sults was proposed by M. Ciuchini et al. [i^lU. Here 
the renormalization group invariant parametrization 
of the decay amplitudes [48] is used to fit from data 
the l/mf, corrections to the QCDF predictions. In 
this way a better desription of branching ratios and 
CP asymmetries is obtained. The predictions on ASf 
are compatible with the original QCDF predictions, 
albeit with larger errors [47i] . The errors will shrink 
once more data on relevant branching ratios and direct 
CP asymmetries become available. 



4.1 . for (j)K; 



s 



This is the cleanest mode, with the least ambiguity 
on AS*/, since there is no 5 — > uus tree contribution. 
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Figure 5: Crosses: QCDF (black) [3l[, pQCD(red) 3, and 
SCET (magenta) [3J| predictions for ASf,Cf, with / = 
<j>Ks,r]' Ks- Ellipses are experimental la allowed regions, 
blue band is experimental error on sin 2/3 from h ccs. 



One thus has 



0(1), 



(12) 



where are either 015 (mf,) (penguins) or l/mf, sup- 
pressed. The "tree pollution" parameter rf is then 
at a percent level as demanded by the CKM suppres- 
sion, r/ ~ 0.02 Ay / A'j:. In particular, the ratio of the 
matrix elements, AJ/A'j:, cannot be enhanced, since 
there is no tree contribution to AJ. In accordance 
with this expectation both calculations in QCDF (i^ 
and pQCD [4^ obtain 



AS", 



'pKs 



0.02 ±0.01, 



(13) 



while there is no prediction in SCET yet. An analy- 
sis in 49] suggest that final state interactions do not 
change the above result. 

4.2. AS for r]'Ks 

Because rj' contains a uu component there is a 
b — !■ uus tree level contribution to the B rjKs 
decay amplitude. However, rf is still small, since 
A'y is also enhanced. This enhanced A'j explains 
the large Br{B — > rj'Ks) observed experimentally. 
The enhancement itself can be understood through 
constructive interference between A{B rjqKs) and 
A{B —^ rjsKs), a mechanism that also explains small 
Br{B — » rjKs), where the interference is destruc- 
tive liO, [m . Besides the interference pattern gluonic 
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Figure 6: Crosses: QCDF (black) [Sj, pQCD(red) [g,|4|, 
and SCET (magenta) [sl] predictions for ASf,Cf. El- 
lipses are experimental la allowed regions, blue band is 
experimental error on sin 2/3 from b — > ccs. 



contributions and/or SU(3) breaking are needed to 
obtain the experimentally observed branching ratios 
[30, 31, 34, 52]. 

The nonperturbative parameters including gluonic 
charming penguins were fit from experimental data 
in SCET 34] (but not from ASj^'Ks j which is a pure 
prediction), while in QCDF calculation of jslj a rea- 
sonable estimate for these unknown terms was used. 
The two predictions 



is enhanced over A"^. In general one expects AS/ 
^ 0(0. 1), with calculated values given below 



Mode 



ujKs 



QCDF [43] pQCD [8, 44] SCET [34] 



0.071 



fO.05 
-0.04 

-0.08l°;?« 
0.13 ±0.08 



0.053tH^ 
-0.187l»;J° 

0.153+°;;? 



0.077 ± 0.030 



It is interesting to note that lS.SpKs t'^^ only one 
that is predicted to be negative, while all experimental 
central values are negative (see Fig. 15]). According to 
the analysis final state interactions could change 
appreciably S^jKsj SpKs-, but even then one still has 
A5/ ~ O(O.l). 



5. Three-body modes 

In [11] it was noted that B tt^tt°Ks and B 
KsKsKs are CP-even over the entire phase space so 
that no dilution of S*/ occurs in the integration over 
the phase space. This nice property does not hold 
for B K+K-Ks where both CP-even and CP- 
odd components are present. Nevertheless, an analy- 
sis based on isospin shows that B K^K~Kg away 
from (j)Ks is mostly CP even [sj, [HI . 

Since there are no 6 — > uus tree contributions in 
B —^ KsKsKs one would naively expect /S.SksKsKs 
to be very small, and for the other I^Skkk to be 
^ 0(0. 1). However, a calculation based on HM^PT, 
a model of form factors and a model of non-resonant 
amplitude behaviour gives all AS/ ^ 0.05 [H, 
More work is needed to confirm this observation. 



QCDF : A5^'Ks =0.01 ±0.01, 

qpPT _/ -0.019 ±0.008, SoL I, (14) 

• i^^^'Ks -|_o.010± 0.010, Sol. II, 

do not coincide, but both of them do consistently give 
small deviations. This would be true also if, for some 
reason, the strong phases between and were 
completely missed in the calculation, since jA^/A'^] is 
0(1) as in B ^ '/'^s, Eq. (fT2|) . and is not enhanced 
despite the presence of a tree contribution. The situa- 
tion is reversed in _B — s- 7]Ks, where the destructive in- 
terference between A{B ^ Vq^s) and A{B ^ VsKs) 
suppresses A'j and makes the tree contribution rela- 
tively larger. Then ASjjKs can be large, even 0(1). 

4.3. Other 2-body modes 

The other 2-body modes for which there exist pre- 
dictions on ASf are n'^Ks, p^Ks and ujKs- All of 
these receive b uus tree contributions, so that A" 



6. Conclusions 

The experimental values of ASf are found to be 
negative in all modes and are also consistently lower 
than the theoretical predictions. It is a bit more dif- 
ficult to assign a statistical significance to this state- 
ment, however. It is clear that different decay modes 
have different "tree pollutions", with 4>Ks and rj'Ks 
being the cleanest. Simply averaging the experimen- 
tal values for ASf over different modes is not correct, 
since the "tree pollution" is not negligible compared 
to the experimental errors. To ascertain whether 
the experimental values of ASf represent a deviation 
from SM or not the use of theory therefore cannot be 
avoided. 

The question is: how to take into account the the- 
ory? If all three approaches, QCDF, SCET and pQCD 
gave identical predictions, there would have been no 
problem. While this is not the case, the three ap- 
proaches do give comparable predictions for different 
modes, with the difference attributable to different 
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treatments of higher order corrections. None of the 
treatments thus seems to be clearly wrong either. 

I would like to advertise two prescriptions that are 
both conservative and fairly intuitive. The first one is 
to take the theoretical framework in which the largest 
number of predictions has been made and only av- 
erage over modes where there are theoretical predic- 
tions, while dropping the remaining experimental re- 
sults (alas!). The largest set of predictions for different 
modes is at present available in QCDF 43]. Taking 
the lowest (A5'y)Th value obtained in the scan over 
QCDF input parameters in [43] and then averaging 
the difference 

(A5/)corr = (A5/)exp " (A^/)Th, (15) 

by using only the experimental errors, gives 



„ = sin2/3P™S-sin2/3^™ 

Corr nQ\ 

= -0.133 ±0.063 (> 2. Icr effect). 



In the above average the 3— body modes and the foKs 
mode were dropped since there are no predictions for 
the corresponding Sf in QCDF. The error in Eq. 
does not have a clear statistical meaning. Neverthe- 
less, I believe the correct interpretation of the above 
result is that we have an effect that is larger than 
0.133/0.063 = 2.1 a. 

The other conservative prescription is that for each 
(AS'/)corr one takes the smallest value predicted 
from the three theoretical approaches, QCDF, SCET 
and pQCD, and then averages over modes while 
adding quadratically theoretical and experimental er- 
rors. Curiously enough this gives at present almost 
exactly the same result as quoted for the first pre- 
scription in Eq. (fT6|) above. 
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